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Tailoring nanostructures in micrometer
size germanium particles to improve their
performance as an anode for lithium ion
batteries†
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Ling Huang,c Shi-Gang Sun*c and Xiao-Dong Zhou*a
A facile and scalable single-step approach is employed to synthe-
size a bulk germanium electrode, which consists of nanoscale
Ge-grains in B5 lm porous powders. This three-dimensional Ge
electrode exhibits superior specific capacity (B1500 mA h g1) and
cyclic performance, attributed to its unique lithiation/delithiation
processes.
The next-generation electric vehicles necessitate the develop-
ment of lithium batteries with high-energy and high-power
density. Generally, the power density of a lithium ion battery
is limited by its negative electrode. The current primary choice
of the anode material is graphite due to its cost effectiveness,
but graphite exhibits a low energy density (372 mA h g1) and
poor rate-performance for use in future electric vehicles. As a
consequence, high performance negative electrode materials,
in particular Si (4200 mA h g1)1–4 and Sn (994 mA h g1),5–8
have been extensively explored because of their superior elec-
trochemical properties, such as high capacity, moderate
potential vs. Li/Li+, low cost, and environmental benignity.
The primary challenge to achieving stable performance of
Si- or Sn-based anodes originates from the large volume change
(260% for Sn and 320% for Si) occurring during insertion/
extraction processes of lithium ions. The repeated expansion/
contraction results in the pulverization of anode particles,
leading to the loss of electric contact between anode particles
and the current collector.
To mitigate the detrimental effects of volume changes,
several approaches have been reported, including the utiliza-
tion of a matrix (like carbon or graphene) into the active anode
materials to form Sn composites, the synthesis of intermetallic
compounds that can buffer volume fluctuation, and the design
of unique nanoarchitecturing morphology of the Si- or
Sn-based electrodes. Germanium (1620 mA h g1) has gained
attention9–16 during the past few years for its nearly isotropic
lithiation,14 which results in weak anisotropy of the lithiation
strain as shown from a recent in situ TEM study.12 In addition,
Ge exhibits higher electronic conductivity and Li diffusivity
than Si, which potentially enables a high-rate performance of
the Ge-based anode. Although GeO2/Ge/C has shown interest-
ing reversible performance,17 the question still remains as to
whether or not a bulk Ge electrode can be prepared without
arduous effort to build complicated electrode structure. In this
communication, we report our recent research on synthesis of
nano/microstructure–electrochemical property relationships in
a Ge electrode fabricated using a facile and scalable approach.
The initial research focused on the morphological evolution
of GeO2 particles as a function of reduction temperature.
Detailed experimental procedures can be found in the ESI.†
The morphology of reduced Ge particles was analysed by using
scanning electron microscopy (SEM). Shown in Fig. 1 are SEM
images of the specimens reduced at 450 (Fig. 1a and 1b) and
600 1C (Fig. 1c and 1d) for 10 h. The SEM image of initial GeO2
is shown in Fig. S1 (ESI†) for comparison, which consists
of a dense agglomeration of GeO2 grains in the range of
100–200 nm. Upon reduction, it is found that hexagonal GeO2
(24.75 cm3 mol1) undergoes volume shrinkage to form cubic
Ge (13.63 cm3 mol1). Indeed, porous Ge particles (Fig. 1a) were
obtained at 450 1C, comprised of B100 nm Ge grains and a
large number of nanosized pores (Fig. 1b). These pores can be
filled with the liquid electrolyte to facilitate diffusion of lithium
ions, while the size of B100 nm was reported to be capable of
tolerating lithiation/delithiation stress.12 The as-synthesized
nanograins and nanopores are ‘‘self’’-assembled to form micro-
metre sized Ge particles, which are ideal for the fabrication of a
bulk electrode for lithium ion batteries. In contrast, reduction
at T = 600 1C results in not only the elimination of nanopores
(Fig. 1c), but also the growth of Ge grains (Fig. 1d), indicating
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the onset of the sintering process at 600 1C for Ge (melting
point: 938 1C) that involves densification and grain growth. The
structure shown in Fig. 1c is not expected to be favourable for
battery electrodes. X-ray diffraction measurements (Fig. S2,
ESI†) show that GeO2 can be reduced to Ge T Z 450 1C in the
presence of hydrogen.
Electrochemical measurements were carried out to validate our
hypothesis on the aforementioned structure–electrochemical
property relationships by employing Ge powders reduced at 450
and 600 1C as the anode material. Fig. 2a shows the alloying/
dealloying (lithiation/delithiation) voltage profiles for the 1st,
2nd, 10th, 20th and 40th cycles at a constant current density of
50 mA g1. There exist multiple alloying plateaus while a single
delithiation plateau at B0.48 V vs. Li/Li+ overlapping with each other
for all cycles (all potentials mentioned hereafter are referred to Li/Li+).
The initial alloying and dealloying capacities areB1920 mA h g1 and
1450 mA h g1 (Fig. 2b) in Ge electrodes consisting of nanopores
(reduction at 450 1C) respectively, yielding an initial Coulombic
efficiency of 76%, which is similar to the initial performance of the
Ge electrode synthesized at 600 1C (Fig. 2 c and d).
The reason why the first alloying capacity is larger than the
theoretical capacity of Ge (ca. 1600 mA h g1) is because of the
decomposition of the electrolyte and the formation of a solid
electrolyte interphase layer, both of which can cause the irreversible
capacity visible in the first cycle. Comparing Fig. 2b and d, the
electrode consisting of nanopores and fine Ge grains exhibits
excellent cycleability. Fig. 2b illustrates that this type of Ge electrode
can deliver a charge capacity of B1500 mA h g1 up to 40 cycles
with a capacity retention of 99%. This performance is much better
than that of the Ge electrode comprised of dense particles, which
retains only 42% of its charge over 40 cycles (Fig. 2d).
Fig. 3 shows specific capacity vs. cycle number for the porous
Ge electrode at rates of 100 and 800 mA g1, which exhibits an
alloying capacity of 1300 and 1100 mA h g1, respectively, and
the capacity is stable for up to 40 cycles. Further research is
being carried out to coat a thin layer carbon on Ge grains to
improve capacity and capacity retention at substantially high
rates (e.g. 410 C).
The differential capacity analysis has long been known for
being capable of assessing the mechanisms of the changes in
the voltage profile.18,19 In differential capacity curves, each
peak generally represents a reaction or phase transition in
the active material. Fig. 4a shows the differential capacity plots
of the 1st, 2nd, 20th and 40th cycles for the electrode. Peaks
shown in Fig. 4a are corresponding to the alloying reactions
Ge + xLi - GeLix, which occur at 0.20, 0.33 and 0.49 V, and
dealloying reactions initially at 0.45 and 0.62 V during the initial
Fig. 1 SEM images of Ge particles reduced at 450 1C (a and b) and 600 1C
(c and d) with different magnifications.
Fig. 2 Electrochemical properties bulk Ge electrodes prepared from the
thermal reduction of GeO2 at 450 1C (a and b) and 600 1C (c and d). (a)
Voltage profile of the electrode reduced at 450 1C, (b) specific capacity vs.
cycle number of the electrode reduced at 450 1C, (c) voltage profile of
the electrode reduced at 600 1C, and (d) specific capacity vs. cycle number
of the electrode reduced at 600 1C. The charge–discharge rate was
50 mA g1.
Fig. 3 Specific capacity versus cycle number for nano/microstructure Ge
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process (GeLix - Ge + xLi). After several cycles, alloying peaks are
centered at 0.20 and 0.40 V, suggesting that the porous Ge electrode
undergoes a two-step alloying reaction, likely forming Li15Ge4
(1384 mA h g1) and Li22Ge5 (1620 mA h g
1).12,16 Unlike Si-20
and Sn-based anodes,21 differential capacity plots for Ge
electrodes exhibit only one peak during delithiation, implying
this dealloying process, LixGe - Ge + xLi is one step, thus in
favour of reversibility.
Recent in situ TEM studies on the reversible expansion and
contraction of the Ge electrode revealed that Ge nanoparticles
(B160 nm) were able to sustain large volume changes during
cycling. These nanoparticles expanded and shrank instantly in a
uniform manner, which was attributed to the isotropic nature of
lithiation.12 In our research, the nanopores, therefore, are pivotal in
accommodating isotropic volume expansion during the lithiation
process. The underlying significance of the presence of nanopores
is also shown in Fig. 4b, in which the intensities of the peaks
decrease during the cycling process. In the cycling process, a
decrease in peak height suggests that the number of available sites
to host lithium at these voltages decreases. The heights of the peaks
shown in Fig. 4a remain nearly constant, indicating that the
number of available sites for lithium occupancy is nearly constant.
Regarding lithiation composition, although Liang et al. reported
the formation of Li15Ge4 (1384 mA h g
1) in their studies, we find
that the specific capacity (B1500 mA h g1) and the existence of
two peaks (0.2 and 0.4 V) during lithiation provide evidence for the
presence of Li22Ge5 (1620 mA h g
1) in our research. The stable
performance shown in Fig. 2b suggests that Li22Ge5 undergoes
uniform expansion and contraction during cycling.
In summary, a facile and scalable thermal reduction
approach was used to synthesize bulk germanium electrodes,
comprised of nanosized pores and Ge-grains in B5 mm porous
powders. These nanopores and Ge grains assemble to form an
ideal electrode structure for lithium ion batteries, which yield
high capacity (93% of the theoretical value), high capacity
retention (99%) during cycling, and high-rate performance.
The presence of a large number of nanopores is vital to achieve
a high capacity and capacity retention. The superior electroche-
mical properties of porous bulk Ge electrodes in our research
demonstrate that this type of structure is promising in the
development of anode materials for future electric vehicles.
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Fig. 4 Differential alloying–dealloying capacity curves of (a) Ge electrode
consisting of nanopores and (b) Ge electrode comprised of dense grains.
Plots in a wider potential window can be found in Fig. S3 (ESI†).
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